review emerging themes, and suggest research needs to advance the understanding of boundaries across systems and scales.
Ecological boundaries: Core features
Boundaries are important because they are structural and functional components of mosaics. The boundary concept refers to areas of transition, contact, or separation between the contrasting elements of a mosaic. The contrasting elements are functionally connected by fluxes of organisms, materials, energy, and information. Boundaries may control the interaction of mosaic elements by modulating the connecting flows (Wiens et al. 1985 , Pickett and Cadenasso 1995 , Cadenasso et al. 2003 . Therefore, although boundaries are likely to occupy a relatively restricted part of the total mosaic volume, they are expected to be important control points.
Ecological boundaries share three core defining features that span the range of cases and approaches represented in this series of articles: (1) Boundaries are three-dimensional zones of transition between contrasting systems; (2) the gradient in the feature setting up the contrast is steeper in the boundary than in the two adjoining systems; and (3) boundaries can be wide or narrow, reflecting the steepness of the gradient. Although the role of time is rarely included in consideration of boundary structure and function, incorporating time into frameworks and research is critical.
Development of boundary studies
The current focus on ecological boundaries emerges from a foundation of conceptual, theoretical, and empirical work investigating exchanges across systems and the influence those exchanges have on the receiving system. We cannot fully explore all the research that has led up to our discussion; instead, we highlight significant milestones. One of the earliest sources of the boundary concept is the work of Clements (1905) , who addressed tension zones between climatically determined plant associations where species overlapped. At a fine scale, Leopold (1933) concluded that forest edges are an important part of the landscape for wildlife, because this type of boundary provides cover and forage for animals. Such forest-field boundaries reflect the influence of European settlement on the extent of forest cover in the United States. Curtis (1956) mapped the change in number, size, and shape of remaining forest fragments in Cadiz Township, Wisconsin, from 1831 to 1950, showing a steady increase in boundaries.
Terrestrial fragmentation had a parallel in island biogeography theory (MacArthur and Wilson 1967) , which focused on the gain and loss of species from oceanic islands. Such islands are isolated in a hostile matrix; the gain or loss of species on an island is based on the size of the island, its distance to the mainland, and the biology of the focal organism. When this theory was adapted to fragmented terrestrial systems such as those studied by Curtis (1956) , and to the conceptualization of reserves for conservation, the influence of the matrix became important. As a result, the depiction of the landscape changed from focal habitats surrounded by matrix to continuous patch mosaics consisting of contrasting habitats that may interact. Patch dynamics theory formalized this depiction and provided a framework to organize research on landscape mosaics and their change through time Thompson 1978, Pickett and White 1985) . All parts of the landscape are included in the mosaic; the research question being investigated determines the resolution of the patches and their identity. Incorporating the study of boundaries in patch dynamics necessarily requires that the mosaic be spatially explicit .
The advent of landscape ecology advanced a framework that focused on the spatial distribution of ecological units in the landscape and how these units may be connected and interact through flows of organisms, materials, and energy moving among them (Cadenasso et al. 2003) . Forman and Godron (1986) defined a landscape as a heterogeneous land area in which ecosystems interact. Turner (1989) suggested a more general conception of landscapes by emphasizing the reciprocal link between landscape processes and the spatial pattern making up the landscapes. Wiens and colleagues (1985) proposed that boundaries between systems may influence the way these systems interact by regulating fluxes between them. A conceptual model was introduced by Pickett and Cadenasso (1995) to organize research on how boundaries interact with fluxes. We explore expansions and combinations of these recent frameworks in this special section of BioScience.
Empirical research lags behind conceptual advancement in this arena. Though empirical research on exchanges between adjacent systems may not explicitly focus on the influence of the boundary, this body of research can provide insights into the role of boundaries. For example, Likens (1984) considered how aquatic and terrestrial systems interact through the exchange of materials and nutrients. Work by Naiman and colleagues Naiman 2001, Naiman et al. 2002) in the Pacific Northwest explored the movement of salmon from the ocean into freshwater streams and the incorporation of nutrients from salmon carcasses into the terrestrial system through grizzly bear foraging. Polis and Hurd (1996) discovered that food webs of nutrient-poor terrestrial systems were driven by inputs from adjacent nutrient-rich oceanic systems. Pickett (2000, 2001) focused explicitly on the boundary and experimentally tested the link between the structure of forest-field boundaries and the modulation of cross-system fluxes.
Landscape ecology is not tied to a particular spatial scale. Forman and Godron (1986) linked their definition of the landscape to a kilometer scale, but the concept can address heterogenous mosaics at any scale (Allen and Hoekstra 1992) . The key components of landscapes-patches, boundaries, and fluxes-may be studied at any scale (Cadenasso et al. 2003) . If there are contrasts between spatial elements, and if there is functional regulation by the boundaries between them, then the functional connections are theoretically similar, whether they are on the order of millimeters or kilometers. This refinement to the landscape ecology perspective resonates through all the articles in this collection.
Themes in the collection
This section identifies themes that are interwoven in the articles in this issue of BioScience. We highlight these themes to emphasize how the diverse articles in the collection fit together.
Application to marine, freshwater, and terrestrial systems. As is true for landscape ecology in general (e.g., Farina 1998 , Turner et al. 2001 , the study of boundaries has largely been directed at terrestrial systems. Within terrestrial settings, many boundary studies focus on fauna and explore links between animal movement among different patches of vegetation (e.g., Johnson et al. 1992 , Ims 1995 . Increased attention has been directed at the transport of plants and materials across boundaries of different landforms as well (e.g., forest to grassland; Pickett 2001, Weathers et al. 2001) . Much less attention has been directed to the study of boundaries established within the bottom substrates of marine and freshwater systems (but see Naiman et al. 1988 ), although some studies of these systems are starting to incorporate approaches used in terrestrial settings (Robbins and Bell 1994) . A special issue of the journal Freshwater Biology (e.g., Wiens 2002) points to this expansion. As discussed by Cadenasso and colleagues (2003) , considerations of patches, boundaries, and landscapes should have broad application regardless of setting or scale.
Variety of interfaces. The study of boundaries has largely been directed at patches of vegetation, but the boundaries of land-water and air-land interfaces, where physical transition zones are obvious, are also amenable for study. Belnap and colleagues (2003) highlight these interfaces. While investigations of physical interfaces are often not viewed from a landscape perspective, many such investigations have targeted questions about uptake and transport of material across boundaries. For example, within aquatic systems, the benthic boundary layer-defined as the interface of sediments and the overlying water column-is highly dynamic, and fluxes of materials within this layer are often crucial (e.g., Santschi et al. 1999) . Exchanges of carbon and water between the biosphere and atmosphere are of interest in the development of climate change models, and boundary studies related to meteorology are common (e.g., Lai et al. 2000) . As Belnap and colleagues (2003) suggest, boundary studies that investigate ecological questions may benefit from the approaches, methodology, and analyses used to study fluxes across these physical transition zones.
Availability of a conceptual framework. Regardless of the type of system, the selection of a specific boundary for investigation ultimately depends on the research question. Moreover, as the underlying conceptual framework proposed by Cadenasso and colleagues (2003) suggests, boundary studies necessarily focus on understanding "the regulation of flows across heterogeneous space." To accomplish this, the authors argue, researchers must articulate the type of flux (see also a recent discussion of focal movers by Puth and Wilson [2001] ), the nature of the bounded system or systems, and the nature of the boundary. The spatial scale of study must also be specified. These operational components may conceivably be delineated in any system for which patch structure and boundaries can be identified. It is important to recognize that different investigators may routinely work with the same landscape and yet develop different research questions, investigating different patches and boundaries. However, adoption of the procedural framework developed by Cadenasso and colleagues (2003) should greatly improve meaningful exchange of ideas and comparisons across studies.
Classification of boundary attributes. If comparison across studies or comparison of empirical findings to theoretical predictions is to advance, it is critical that investigators specify how the concept of boundary is to be applied to specific and diverse systems. Strayer and colleagues (2003) outline how ecologists might classify attributes of a boundary with regard to origin and maintenance, spatial structure, function, and temporal dynamics. Their classification scheme represents a major contribution to the development of boundary theory, as it codifies the terminology on which to base rigorous comparison and generalization. Strayer and colleagues' (2003) definition of boundaries includes history and function, reinforcing the view that boundaries are not strictly structural entities (e.g., Wiens et al. 1985 , Gosz 1993 . Moreover, the classification of boundaries should apply regardless of the system of interest, the process thought to be affected by the boundary, or the size of the boundaries or organisms.
Perceptual boundaries. The classification system proposed by Strayer and colleagues (2003) is employed in many of the articles presented in this section. It has also been used to some degree in earlier work, primarily in studies of animals and their movement relative to edges or boundaries (e.g., Fagan et al. 1999) . In studies that investigate animal movement within heterogeneous landscapes, understanding organismal responses to various cues, such as light, humidity, or chemicals, assumes increasing importance. Whether an organism leaves one habitat patch and moves to another may be a function of edge permeability, as shown by Schultz and Crone (2001) for butterfly dispersal. In some cases, behavior at edges can even change in response to landscape features. Donovan and colleagues (1997) reported that nest predation by birds and mammals was greater at the edges of forests where the landscape was fragmented than at the edges of unfragmented forests. Perception of habitat features such as patch contrast or abruptness (terms used to describe the structural features of boundaries may be fundamental for boundary functions such as transmission or reflectance of different taxa). The subdisciplines of animal behavior and landscape ecology thus become tightly interwoven in interpreting boundary function and the response of moving organisms (e.g., Stamps and Krishnan 1997, Strayer et al. 2003) .
Unifying abiotic and biotic boundaries. The classification of boundary features (Strayer et al. 2003 ) also addresses the abiotic fluxes through a landscape. Information regarding boundary function provides a basis for realistic analyses of the fate of materials that are delivered to an area and move through a landscape. The idea of an absorptive boundary applies well to the modeling of boundary function based on physical properties. Even in soil crusts, which are only centimeters deep, chemical transformations are widespread; the air-soil boundary serves as a site for these transformations . The paper by Strayer and colleagues (2003) presents the first classification of boundary function with potentially broad application to both biotic and abiotic fluxes.
Boundary statistics. Inherent in the boundary framework constructed by Cadenasso and colleagues (2003) and in the classification system proposed by Strayer and colleagues (2003) is the assumption that boundaries can be identified and their dimensions measured. For some systems this may be a straightforward task. Fagan and colleagues (2003) aptly summarize the different techniques available for detecting boundaries and outline the methodology useful for researchers examining gradients of structural features linked to some boundary function. These robust techniques could be applied across systems: The same statistical techniques used to quantify boundary structure in a terrestrial landscape may work equally well in coral reefs or sea grass beds. Some of the methods of boundary detection would be especially useful in systems with boundaries that are not obvious to researchers. Describing habitat patches in air and water is less straightforward than in vegetation, but some studies exist that can provide guidelines. For example, Downing (1990) argues persuasively that, although in freshwater systems patches can only rarely be discerned by the naked eye, the water and the bottom substratum do provide heterogeneous habitat features. Overall, the articles on boundary theory framework, boundary classification, and boundary detection constitute a muchneeded basis for designing boundary studies in a wide variety of systems and communicating the results.
Applied boundary research. The study of boundaries not only contributes to theoretical constructs; it also has practical applications. Applications of the study of boundaries, especially those related to habitat fragmentation (Saunders et al. 1991) , are evident in contemporary conservation biology. As patches of habitat decline in size and become spaced farther apart, population dynamics in fragments become an area of greater concern for researchers. The possible impact of human activities as a source of boundary alteration between patches is presented in a number of articles (e.g., Strayer et al. 2003) . Likewise, the establishment of corridors for enhanced movement of organisms through a landscape that exhibits changes in the spatial arrangement of patches through fragmentation has become a focal question in conservation biology (Haddad 2000) . Again, the faunal perception of habitat cues is pertinent here.
Boundary and corridor function. Both corridors and boundaries represent critical zones of interaction within landscapes, mediating fluxes between landscape patches. Moreover, both boundaries and corridors, viewed as two different conditions that exist as a continuum of ecological flux control (Puth and Wilson 2001) , influence the flux of energy or materials across landscapes. Conduits may, in fact, be imbedded within boundaries (Strayer et al. 2003) , and the spatial relationships between corridors and boundaries are areas worthy of investigation. Finally, some structures may serve as a boundary or a conduit depending on what is being measured-further evidence that the study of boundaries is context dependent.
Efforts directed at the study of boundaries are intensifying as landscape analyses become commonplace. Ecologists can look at other subdisciplines where boundaries have been a primary topic of investigation for conceptual and methodological guidance. Integration of boundary studies with broadbased landscape investigations should increase as researchers embrace the conceptual framework presented here (Cadenasso et al. 2003) , use the classification system (Strayer et al. 2003) , and employ similar methodologies for detecting boundaries . Moreover, considering new approaches to boundary studies, addressing boundary function at fine scales (e.g., Belnap et al. 2003) as well as coarse scales, and expanding studies to more systems in which patches and boundaries can be delineated will broaden our understanding of boundary function and structure. As researchers ask common questions across different scales or systems, unifying principles may emerge.
Future research directions
Four major areas of emphasis emerge from these articles as cornerstones for future studies: (1) identifying factors that control boundary features, (2) linking boundary structure with boundary function, (3) incorporating temporal variability into measures of boundary structure and function, and (4) comparing anthropogenically created boundaries with other classes of boundaries.
Identifying factors that control boundary features. Researchers studying ecological boundaries need to understand the factors that control the establishment and demise of boundary structure. Key biological and physical processes that regulate the distribution and maintenance of boundaries within arrays of patches remain poorly known. This subject has been addressed at some scales and in some systems, but comparison across scales and systems is needed. Once crossscale and cross-system comparisons have advanced, it will be possible to determine whether certain groups of taxa are responsible for creating boundaries in specific kinds or scales of systems. Similarly, different groups of organisms may be differentially sensitive to certain kinds or scales of boundaries.
Comparisons across systems and scales will add substantially to a boundary theory that includes both abiotic and biotic processes.
Linking boundary structure with boundary function. Boundary structure is meaningless without an understanding of boundary function. However, there is relatively little research on boundary function at coarse scales of analysis. A few studies in forest systems have addressed this issue, and the merger of structure and function is compelling (e.g., Pickett 2000, Weathers et al. 2001) . But links between structural and functional descriptors of boundary attributes are generally poorly established, and a number of questions emerge that can be examined in a variety of settings: Do structural and functional attributes of boundaries correspond? What attributes of adjacent patches affect boundary function? Are there any general structural features that lead to differential permeability of boundaries? The collected articles suggest that these questions should be pursued across scales and explored broadly across system types. As we accumulate more information about boundary structure and function, it may be possible to predict boundary function from structural qualities or to identify critical dimensions of boundaries that are associated with certain functions, such as transformation, transmission, or reflection.
Incorporating temporal variability into measures of boundary structure and function. Temporal variability of boundary structure is likely to be a major feature of ecological boundaries. As variability increases, it becomes more difficult and complex to detect boundaries and apply physical models that assume consistency over time. The classification of boundary function should be expanded to include temporal variability. Some boundaries change structural features or dimensions seasonally (e.g., the salt front of a riverine estuary), and the function of these boundaries may also undergo a seasonal change. Alternatively, the same structure could show temporal variability in function, acting as a boundary during one season (for example, a body of water) but as a corridor during another (the same body of water in ice conditions). Processes that control boundary features may change temporally as well. Clearly, incorporating temporal dynamics into studies of boundary structure and function remains a logical and much-needed area for future exploration.
Comparing anthropogenically created boundaries with other classes of boundaries. Perhaps one of the most intriguing questions about boundaries relates to human impacts on boundaries through activities that alter natural boundaries or create anthropogenic boundaries. Such anthropogenic boundaries exist across all systems; examples include fences, highways, seawalls, canal systems, dams, and hedgerows. Each of these human-created structures represents a type of boundary, often with unique features, sometimes unparalleled in the natural setting. Many anthropogenic boundaries are incidental to a human activity and may not be obvious at first as boundaries. Studies that have examined the natural fluxes of materials or energy as boundaries are lost or created because of human activities suggest that these fluxes are altered during the boundary creation or loss. Such studies provide the opportunity to assess how the functions of anthropogenically generated boundaries compare with those of natural boundaries. The interaction of human and natural factors in the creation and maintenance of boundaries emerges as a research topic based on these considerations.
Tools for future studies
While our prospectus of questions provides numerous avenues for future work, boundary researchers will need a toolbox complete not only with the many methods already employed by ecologists but also with developing concepts and technologies. Model development will serve as a cornerstone of theory development. An experimental approach may be possible in some systems where fluxes or boundary structure can be manipulated , Weathers et al. 2001 , Cadenasso et al. 2003 . Opportunities to use natural experiments (e.g., modification of forest edges in the tropics after harvesting trees; Laurance et al. 1997 ) may arise as the alteration of boundaries by human activities increases.
Given that the construct of a boundary can be used to better understand the regulation of fluxes across any kind of heterogeneous space, models that describe heat or mass transfer may be extremely useful for analyzing transfer of ecological materials. Flux at a boundary is regulated by factors that control the concentration gradient and the transfer coefficient. Such models have been employed in ecological settings where uptake of materials, such as nutrients, is highly dependent on transport and delivery to boundaries. However, the use of flux equations may have broader applications. Some common experimental approaches, such as those outlined by Cadenasso and Pickett (2001) , could be expanded to collect additional informative data on how transport at the forest-field boundary may be affected by changing boundary structure. The use of engineering models may be appropriate for modeling animal movements if measures of perception and behavioral decisions can be incorporated into the transfer coefficients (Farina 1998) .
Basic description of boundary structure will benefit from techniques employed by landscape ecologists (e.g., geographic information systems, geostatistics) and new techniques being developed by spatial statisticians . Fluxes of materials can be followed using tracers, but the development of new sensors may provide improved capabilities for measuring movement of items across boundary layers. New methodologies outlined in this collection of articles will help the study of boundaries advance across a diversity of habitats and spatial and temporal scales. The conceptual frameworks (Cadenasso et al. 2003) and comprehensive classification of boundary types and effects (Strayer et al. 2003) are available to help synthesize and compare those diverse data. 
